SUMMARY Passive intestinal permeability has been investigated in rats infected by the nematode, Nippostrongylus brasiliensis, by the simultaneous administration of two probe molecules. Experiments using a closed intestinal loop show that there is a significantly increased absorption of lactulose and decreased absorption of mannitol in rats at the 10th to 11th day of infection. Experiments using serial oral administration techniques show that these changes start during the second week of the infection with a return towards normal values by the end of the third week. The results are similar to those found in human coeliac disease and add weight to previous studies which have stressed the similarity in the two disease processes.
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Nippostrongylus brasiliensis is a nematode which infects rats, predominantly colonising the proximal small intestine. In addition to providing a convenient animal model for the study of hookworm infestations, the immunological mechanisms involved in recovery from infection and the associated intestinal lesion have both frequently been investigated. The larvae can be administered by subcutaneous injection, after which they begin to reach the duodenum and jejunum after three to four days (Symons and Fairbairn, 1960) . As the worm does not multiply within the host, the degree of intestinal colonisation reflects the administered dose (Jenkins, 1974) . The worms mature in the small intestine, feeding in close association to the intestinal mucosa and by the seventh or eighth day maximal egg production is occurring. During the second and third weeks the animal mounts an immune response and the infection is steadily thrown off.
Associated with the infection there is a patchy intestinal damage which is maximal at the 10th to 11th day (Symons and Fairbairn, 1960; Ferguson and Jarret, 1975) resolving by the end of the third week. The lesion bears a striking similarity to that found in human coeliac disease, with villous atrophy, crypt hyperplasia, and changes in epithelial cells (Symons, 1965) . This similarity extends to functional aspects. Symons has described decreased activity of brush border enzymes, and has also demonstrated impaired absorption of glucose and other nutrients (Symons and Fairbairn, 1963; Symons et al., 1971) . As in coeliac disease (Croft et al., 1968) , there is evidence of increased cell turnover (Symons, 1965;  Received for publication 21 February 1979 Loehry and Creamer, 1969) . Moreover, Ferguson and Jarrett (1975) , studying the pattern of infection in thymectomised rats, have suggested that the intestinal lesion is the result of a cell-mediated immune response by the host, rather than a direct toxic effect of the parasite.
We have previously described a non-invasive test of passive intestinal permeability based on the oral administration of two water-soluble molecules, one of which is absorbed to an increased, and the other to a decreased, extent in coeliac disease (Cobden et al., 1978a, b) . The five hour recoveries of the two probe molecules, mannitol and cellobiose, were calculated and, when the result was expressed as a ratio, a clear separation was achieved between untreated adult coeliacs and controls.
Using a modification of this test, we have studied the changes in passive permeability occurring in rats infected with N. brasiliensis.
Methods
Two sets of experiments were carried out, the first involving the use of a closed intestinal segment, and the second using a gavage technique for administering the solution to conscious rats.
As in our human studies, we have expressed absorption in both experiments in terms of the quantities recovered in timed urinary collections. In the closed loop experiments, we could have assayed luminal concentrations instead, and thus indirectly calculated the quantities absorbed, but when studying a poorly absorbed molecule such as lactulose the method is almost certain to be too insensitive to detect even relatively large changes in absorption. Five male Wistar rats, weighing 150-200 g, were each injected subcutaneously with 6000 larvae of N. brasilienisis, and the subsequent experiments performed at the time when the intestinal lesion could be expected to be at its height (three on the 10th and two on the 11th day after infection). After overnight fasting the animals were anaesthetised with intraperitoneal pentobarbitone (30-60 mg/kg). A low midline abdominal incision was made and the bladder identified. A loose ligature was passed around the bladder taking care to avoid the ureters. Through a small incision in the relatively avascular fundus, a plastic cannula with a flanged end was inserted, and the ligature tightened to retain the cannula by the flange and ensure that there was no leakage of urine around the cannula. The urethra was then ligated, and when urine was seen to be flowing down the cannula, the next stage of the experiment was started. A 20 cm segment of jejunum, beginning 5 cm distal to duodenojejunal flexure, was closed with ligatures, care being taken not to interfere with its blood supply and to avoid excessive trauma, which might result in renal shutdown. Two millilitres of the test solution were injected into the lumen through a fine-gauge needle, and the bowel returned to the abdominal cavity.
The test solution contained 5 g lactulose and 2 g mannitol dissolved in 100 ml water (100 mg and 40 mg respectively in the 2 ml dose). Although in our human experiments we have used hypertonic (1500 mosmol) solutions to enhance the absorption of disaccharide, this was not feasible in a closed loop because of the excessive distension that would result. The solution was therefore made up without any other osmotic filler to be more nearly isotonic (about 380 mosmol).
Urine was collected over the next two hours. At the end of this time, all urine was aspirated through the cannula, and, to ensure complete recovery from any dead-space, the bladder was irrigated with 0 5 ml 0 9 % saline, the resulting aspirate being added to the urine collection. The animal was killed, the closed intestinal loop removed, and the length measured avoiding excessive stretching (range from 17-22 cm).
Specimens for histology were taken at the end of each experiment from the jejunum proximal to the closed segment, and from the segment itself. In addition, in two experiments specimens were taken from the proximal jejunum, at the time of ligating the closed loop at the beginning of the experiment. In practice, there were no significant histological differences between any of the specimens, allowing for the patchy nature of the intestinal lesion. Similar experiments were carried out on a control group of five uninfected rats.
EXPERIMENT B Seven male wistar rats, weight 150-200 g, were injected subcutaneously with 6000 larvae of N. brasiliensis. On the third day of the infection, after overnight fasting, the rats were gavaged with 1 ml of a solution which was similar to that used in the previous experiment, except that it contained 21 g dextrose per 100 ml, making it strongly hypertonic-(about 1500 mOsmol). The animals were then placed in metabolism cages (Forth-Tech Ltd.) designed to collect urine and faeces separately, and urine was collected over eight hours. This was repeated on the seventh, 10th, 13th, and 21st days of the infection. Six uninfected rats, acting as a control group, were treated similarly on the corresponding days.
ASSAY TECHNIQUES
In each case, the volume of urine collected was measured. Samples were assayed for mannitol content by a modification of the spectrophotometric method of Corcoran and Page (1947) , and for lactulose by quantitative paper chromatography (Menzies, 1973) . The results for the closed loop experiments were expressed as the quantity recovered per cm of bowel (per two hour collection period). For the gavage experiments, results were expressed as the percentage of the administered oral dose recovered in the urine after eight hours. In both cases, the ratio of lactulose recovery (mg)/ mannitol recovery (mg) was calculated.
Results

HISTOLOGY
The typical changes induced by the parasite in the 1L Cobden, J. Rothwell, and A. T. R. Axon jejunum are shown in Fig. 1 with a sample from a control rat for comparison. There was a striking villous shortening, with crypt hyperplasia, epithelial cell changes, and an inflammatory infiltrate. The similarity to human coeliac disease is readily apparent.
CLOSED LOOP EXPERIMENTS
The results are shown in Fig. 2 . There was a significant decrease in mannitol recovery in the infected rats compared with controls (p <0005, Student's t test for small samples). In contrast, lactulose recovery was significantly increased (p <0-05). As a consequence, the ratios lactulose/mannitol were significantly higher in the infected rats (p <0 005).
QAVAGE EXPERIMENTS
The recovery of mannitol in the seven rats through the course of the infection is shown in Fig. 3 . There was a significant decrease (p <0 005) on the 10th and 13th days of the infection when compared with the values on the third day (at which time the parasites would not be established in the intestine). By day 21, the mannitol recovery had risen again, although it was still less than that on day 3 (p <0-05).
In contrast, the lactulose excretion increased during the infection (Fig. 4) and fell again by day 21, although the risejust failed to reach statistical significance (0O1 >ip>0-05, day 13).
As a result, the ratio was significantly higher (Fig.  5) on days 10 and 13, than on day 3 (p <0 005), with little overlap. There was no significant difference on days 7 and 21, although one rat on day 7 had a high ratio. The control group of rats, subjected to the same gavagings, showed little fluctuation in the ratios throughout the experiment (Fig. 6-same scale) .
Discussion
The results show that rats infected with N. brasiliensis undergo a transient change in passive intestinal permeability at about the time of the maximum histological damage. It is uncertain whether the decreased mannitol recovery on day 21 truly reflects residual functional impairment, in that the ratio lactulose/mannitol was unaltered. It could be argued that the effect was due to some non-mucosal factor -for example, more rapid intestinal transitwhich resulted in the absorption of both molecules being decreased. This is one of the advantages to be gained by the simultaneous administration of two molecules with contrasting changes in absorption in disease states; errors due to non-mucosal factors are minimised when the result is expressed as a ratio. The closed-loop experiment confirms that the increase in ratio on day 10 is a genuine reflection of altered permeability, as factors such as gastric emptying or intestinal transit rate obviously do not apply. The probe molecules were chosen to straddle the effective pore size of the intestinal mucosa. Mannitol is a polyhydric alcohol of molecular radius c. 4 A, similar in size to xylose, but, unlike xylose, having no affinity for active transport systems (Alvarado, 1966) . Although it is frequently used as a nonabsorbable marker, our results both in humans (Cobden et al., 1978a, b) and in this experiment, and the work of others (Nasrallah and Iber, 1968) , show that significant quantities are absorbed. This is not surprising, when one considers that a figure of 4 A has been calculated for the radius of the water-filled pores presumed to perforate the lipid-barrier of the small intestine (Lindemann and Solomons, 1962) . In contrast, lactulose, a disaccharide of molecular radius 5 A, is likely to be too large to penetrate these group.bmj.com on June 16, 2017 -Published by http://gut.bmj.com/ Downloaded from pores, and this is reflected in the much lower quantities recovered. Mannitol is subject to a certain degree of hepatic metabolism, although this seems to be relatively constant even in liver disease states (Nasrallah and Iber, 1969) . There is no reason to suppose that hepatic function is changed in N. brasilienisis infections; it would be difficult to explain a decreased urinary recovery on this basis unless one postulated enhanced hepatic metabolism. Small amounts of mannitol may be produced endogenously (Ingram et al., 1971) . By using a relatively large oral dose, we are able to incorporate a 200-fold dilution of urine samples into the assay method, which virtually eliminates this effect. In addition, for all samples the spectrophotometer was zeroed against a corresponding blank urine obtained from the rat in the ungavaged state. In practice, these blank urines almost always contained undetectable quantities of mannitol. Lactulose is not hydrolysed by the small intestine (Dahlquist and Gryboski, 1965) , and can be recovered almost totally in the urine after intravenous injection (Menzies, 1974) . As some crosscontamination between urine and faeces can occur in metabolism cages, it could be argued that the results in the gavage experiment might reflect increased faecal contamination occurring as a result of the looseness of stool associated with the infection. However, in many cases, no faeces collected during the eight-hour period, and homogenates of faeces that were produced in this time, even by infected animals, contained undectable amounts of either substance. Serial gavaging with hypertonic solutions (using 5 ml volumes on a daily basis) has been shown to decrease intestinal disaccharidase function, without altering intestinal structure (Pergolizzi et al., 1977 (Fig. 1) during the infection, this would seem to lead to greater inaccuracy: what is likely to be relevant is the change in surface area. There has been said to be a very slight increase in epithelial cell numbers due to the intestinal dilatation (Symons and Fairbairn, 1960) , notwithstanding the decreased villous heights. This does not take into account changes in microvilli, which are quantitatively the most important factor determining intestinal absorption area. One would expect that, as in coeliac disease, the microvilli would be both fewer and stunted as a result of the increased cell turnover and lack of maturation of epithelial cells, and this effect has been described (Symons et al., 1971) . In any case, any correction factor required to describe the result in terms of tissue weight would apply to both molecules, and the increase in ratio would be unaffected.
How do we account for the contrasting changes in permeability to the two molecules? Mannitol, as discussed previously, is probably just small enough to penetrate the transcellular aqueous pores of the small intestine. If there is a reduction in absorptive surface area, then there will be fewer of these pores available to the mannitol molecules. Alternatively, the pores may become smaller, in the way that Fordtran et al. (1967) have suggested occurs in sprue. Increased permeability to intact proteins, which is known to occur in coeliac disease (Kivel et al., 1964) , has also been demonstrated in rats infected with N. brasiliensis (Barth et al., 1966) , and is believed to assist in the expulsion of the parasites by allowing antibodies to come into contact with them. We have now shown that the increased permeability extends to molecules of the size of disaccharides, which is yet another point of similarity between the intestinal lesion and that occurring in coeliac disease. The pores through which lactulose penetrates the intestine in normal circumstances must be larger than the 'typical' pore, and much fewer in number.
There is evidence to suggest that this second set of larger pores is represented by the so-called tight junctions between adjacent cells (Wright and Pietras, 1974) . Another route by which large molecules might gain access is through the gaps left by cells shed at the extrusion zones at the tips of villi. The increased intestinal permeability to lactulose which occurs in rats infected with N. brasiliensis (and also in coeliac disease) could thus be accounted for in three different ways. Firstly, there could be some functional change in the tight junctions. Alternatively, there may be non-specific gaps in the mucosa related to damage by the parasite or the immune reaction. Finally, the increased cell turnover implies an increase in the number of extrusion zones, through which large molecules could pass.
Whatever the explanation, it is clear that there are striking similarities between the changes in intestinal structure and function found in human coeliac disease and those found in rats infected with Nippostrongylus brasiliensis.
These experiments tend to support the results we have shown in human coeliac disease, and confirm the value of simultaneously administering two molecules of differing behaviour as an oral test of intestinal permeability.
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